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Abstract
Hyperspectral imaging (HSI) is a nondestructive analytical tool that can be used for
sensing multiple attributes of foods. This thesis evaluates the application of HSI for
measuring the freshness of the mushroom Agaricus bisporus (A. bisporus) in
comparison with traditionally sed methods. Three separate experiments were
performed with 135 mushroom samples stored either in packed or unpacked conditions
for 11 days. The overall results suggest that the HSI spectral region between 400 and
1000 nm is suitable for inspection of mushroom freshness. Two distinguishing
variables that aligned with physicochemical and microbiological analysis were
recognized. Moisture loss was the main reason for mushroom deterioration during the
first three days of storage while polysaccharide degradation and slime growth was the
main factor by day six. However, there is no significant difference between packed
and unpacked conditions. In HSI, the first region [530-700 nm] was used to calculate
the Shelf-Life Index 1 associated with moisture content, color, and texture changes,
while the second region [750 – 900 nm] was used to calculate the Shelf-Life Index 2
(or Slimy Index) associated with the slime secretion by microorganisms. The first
index decreased faster until day four and reached a plateau afterword, while the slimy
Index peaked at day six and then decreased. This study could be helpful for real time
monitoring of the quality of A. bisporus using spectral imaging technique.

Keywords: Hyperspectral imaging, Mushroom, Agaricus bisporus, Freshness,
Polyphenol oxidase, Pseudomonas tolaasii.
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)Title and Abstract (in Arabic

تقييم طزوجه الفطر األبيض باستخدام التصوير الطيفي (غاريقون ثنائي البوغ)
الملخص

التصوير الفائق الطيفية ( )HSIهو أداة تحليلية غير مهلكه للعينة يمكن استخدامها الستشعار
سمات الصفات الخاصة بهذه األطعمة وتغيرها أثناء تصنيع وتخزين هذه األطعمة .هذه األطروحة
تقيم فعالية تطبيق التصوير الفائق الطيفية لتقييم طزوجه الفطر األبيض (غاريقون ثنائي البوغ)
بالمقارنة مع التقنيات التقليدية .حيث تم االختبار فى ثالثة تجارب منفصلة حيث تم تخزين 135
عينة من الفطر في صندوق مغطأ وغير مغطأ لمدة  11يو ًما .وقد لوحظ انه ال يوجد فرق كبير
بين الحالة المعبأة وغير المعبأة بسبب نوع التغليف .كذلك أشارت النتائج اإلجمالية إلى أن منطقة
التصوير الطيفي بين  400و 1000نانوميتر مناسبة الختبار طزوجه الفطر .وقد لوحظت بداية
إفرازات بواسطة تحلل السكريات المعقدة بسبب اإلصابة ببكتيريا الزائفة جنس من البروتيوبكتيريا
غاما بعد اليوم السادس مما يعتبر عامال هاما في التأثير على جوده الفطر .تم تحديد اثنين من
المتغيرات المتميزة التي تتوافق مع التحليل الفيزيائي والميكروبيولوجي .المنطقة األولى [-530
 700نانوميتر] تشير لمدة صالحية الفطر 1والتى ترتبط بتغير محتوى الرطوبة واللون والملمس
بينما المنطقة الثانية [ 750-900نانوميتر] مؤشر لمدة الصالحية ( 2أو معدل اللزوجة) المرتبط
بإفراز مواد لزجة على الفطر بواسطة الكائنات الحية الدقيقة .ونالحظ ان المؤشر األول انخفض
بشكل أسرع حتى اليوم  4ووصل إلى مستوى ثابت بعد ذلك ،في حين بلغ مؤشر اإلفرازات
اللزجة قمته في اليوم  6ثم انخفض .يمكن أن تكون هذه الدراسة مفيدة للمراقبة في الوقت الحقيقي
لجودة فطر الغاريقون ثنائي البوغ باستخدام تقنية التصوير الطيفي.
مفاهيم البحث الرئيسية :التصوير الفائق الطيفي ،فطر الغاريقون ثنائي البوغ  ،الطزوجة،
بكتيريا الزائفة.

ix

Acknowledgements
I sincerely thank Prof. Afaf Kamal-Eldin who nurtured a young mind like
mine, being patient and supportive, not only in my research, but in other matters of
life as well. I thank her for her consistent commitment for making me a better
researcher.
I am also very grateful to my co-supervisor: Dr. Prashanth Marpu who taught
me to be become familiar with the hyperspectral imaging technique so that I can now
confidently use it. I also thank Dr. Priti Mudgil who willingly took me in as her
student, gave me the freedom to be independent in my research and taught and guided
me along the way. I would also like to extend my gratitude to Ms. Aalya Ahmed and
Ms. Nadia Tawfiq for their continuous assistance and encouragement.
I also express my warmest gratitude to the committee members for their
guidance, support, and assistance during the preparation of my thesis. It is a pleasure
as well to thank the chair and all members of the Department of Food Science at the
United Arab Emirates University for assisting me throughout my studies and research.
I am deeply thankful and grateful to my God for giving me my wonderful
parents and family who have encouraged me, prayed for me and helped me along the
way. Though this was long and tiresome, their love and support have strengthened me
throughout my journey.

x

Dedication

To my beloved parents, siblings, and friends

xi

Table of Contents
Title .......................................................................................................................................... i
Declaration of Original Work .............................................................................................. ii
Copyright ............................................................................................................................... iii
Advisory Committee ............................................................................................................ iv
Approval of the Master Thesis .............................................................................................v
Abstract ................................................................................................................................. vii
Title and Abstract (in Arabic) ........................................................................................... viii
Acknowledgements .............................................................................................................. ix
Dedication ...............................................................................................................................x
Table of Contents ................................................................................................................. xi
List of Figures ..................................................................................................................... xiii
List of Abbreviations ......................................................................................................... xiv
Chapter 1: Introduction ..........................................................................................................1
1.1 Overview ..............................................................................................................1
1.2 Statement of the Problem...................................................................................3
1.3 Relevant Literature .............................................................................................4
1.3.1 Mushrooms..................................................................................................4
1.3.2 A. bisporus Shelf Life ................................................................................5
1.3.3 Degradation of Mushroom Quality ..........................................................6
1.3.4 Factors Affecting Mushroom Spoilage .................................................10
1.3.5 Evaluation of Mushroom Quality...........................................................16
Chapter 2: Materials and Methods .....................................................................................22
2.1 Mushroom Sampling and Preparation............................................................22
2.2 Weight Loss .......................................................................................................22
2.3 Moisture Content ..............................................................................................22
2.4 pH........................................................................................................................23
2.5 Color Measurement of Mushroom Freshness ...............................................23
2.6 Texture Profile Analyses .................................................................................23
2.7 Microbial Analysis ...........................................................................................24
2.8 Gel Electrophoresis ..........................................................................................24
2.9 Hyper-Spectral Imaging ...................................................................................25
2.10 Statistical Analysis .........................................................................................25
Chapter 3: Results & Discussion ........................................................................................27
3.1 Moisture Content & Weight Lost ...................................................................27
3.2 Color ...................................................................................................................30

xii

3.3 Texture Profile Analysis ..................................................................................32
3.4 pH........................................................................................................................33
3.5 Microbiology .....................................................................................................34
3.6 Gel Electrophoresis ..........................................................................................36
3.7 Hyper Spectral Imaging ...................................................................................37
Chapter 4: Conclusion .........................................................................................................44
References .............................................................................................................................45

xiii

List of Figures
Figure 1: A. bisporus degradation and influencing factors .......................................... 6
Figure 2: Oxidation reactions of tyrosinase ................................................................ 7
Figure 3: Tyrosinase enzyme activity distribution in A. bisporus
mushrooms................................................................................................... 8
Figure 4: Hyper-spectral imaging (HSI) elements .................................................... 19
Figure 5: The moisture content and weight loss during storage of unpacked
(---), and packed (―) mushrooms for 11 days .......................................... 29
Figure 6: Color parameters and Brown index for unpacked (---), and packed
(―) mushrooms, where the tests were applied for 11 days ....................... 31
Figure 7: Texture analysis stored mushrooms by different parameters
(hardness, adhesiveness, cohesiveness and gumminess) for both
unpacked (---) and packed (―) conditions ................................................ 32
Figure 8: pH test for unpacked and packed mushrooms where the tests were
applied for 11 days .................................................................................... 33
Figure 9: Total microbial load through plate count agar (PCA) &
pseudomonas load through Pseudomonas isolation agar (PIA) for
unpacked (▪) and packed (▫) mushrooms where the tests were
applied for 11 days .................................................................................... 35
Figure 10: Mushroom Slime Analysis through gel electrophoresis ........................... 36
Figure 11: Reflectance spectra of the packaged & unpacked A. bisporus
mushrooms during storage at 4°C for days 1-11 ....................................... 38
Figure 12: Illustration of the coordinates used to calculate Shelf-Life Index
1 and Shelf-Life Index 2 (or sliming index) .............................................. 41
Figure 13: Freshness index of packed & unpacked A. bisporus stored
mushrooms for 11 days.............................................................................. 42
Figure 14: Slimy index of packed & unpacked A. bisporus mushrooms
stored for 11 days ...................................................................................... 43

xiv

List of Abbreviations
A. bisporus

Agaricus bisporus

BI

Browning index

C2H4

Ethylene

CCD

Charge coupled device

CMOS

Complementary metal oxide semiconductor

e-Nose

Electronic nose

EPS

Extracellular polymeric substance

EPSs

Exopolysaccharides

e-Tongue

electronic tongue

HIS

Hyperspectral imaging

FTIR

Fourier-transform infra-red

MAP

Modified atmosphere packaging

MLR

Multilinear regression

mRNA

Messenger RNA

NMR

Nuclear magnetic resonance

P. tolaasii

Pseudomonas tolaasii

PCa

Principle component analysis

PCA

Plate count agar

PIA

Pseudomonas isolation agar

PLS

Partial least square

PLS-R

Partial least squares regression

PPO

Polyphenol oxidase

RBCA

Rose Bengal chloramphenicol agar

xv

ROI

Region of interest

TPA

Texture profile analysis

VNIR

Visible near-infrared

1

Chapter 1: Introduction
1.1 Overview
Mushrooms are known to have short shelf lives and to easily turn brown and
spoil during storage due to the activity of polyphenol oxidase (Liu et al., 2012).
Therefore, mushrooms are considered as a perishable food due to easy spoilage and
contamination because of their rich nutrients and high moisture content (Lin et al.,
2017). Since the freshness of mushrooms is a major concern to the customers and to
the global market, evaluation of fresh mushroom and detection of their spoilage are
highly important (Aisala et al., 2018).
Many traditional methods can be used in the evaluation of mushroom freshness
including inter alias color measurements, browning index, water activity, pH,
microbial loads, total phenolic content, and texture profile analysis ( Leon et al., 2006;
Kotwaliwale et al., 2007; Jiang et al., 2010; Liu & Wang 2012; Gao et al., 2014).
Different mechanical and texture profile analysis (TPA) tests, such as penetration test
with spherical probe, relaxation test, and compression test with cylindrical probe, can
be used to evaluate texture changes in mushroom during storage (Jaworska & Bernaś
2010; Li et al., 2016). Microbial analyses can be used for the identification,
characterization, and isolations of specific spoilage organisms (Huis in’t Veld, 1996).
In addition, rheological methods can be used for the determination of the rheological
material functions. Although the importance of the above-mentioned methods is
recognized, most of them are tedious and destructive, relatively expensive, timeconsuming, susceptible to large variations and require high skills.
Recently, there has been an increasing interest in the development of rapid,
non-invasive and non-destructive instrumental techniques such as fluorescence,

2

nuclear magnetic resonance (NMR), fourier-transform infra-red (FTIR), raman
spectroscopies, and chemical and electrochemical sensor technologies like electronic
nose (e-Nose) and electronic tongue (e-Tongue) instruments (Baldwin et al., 2011;
Oliveira et al., 2012a; Karoui et al., 2010). In addition, optical sensing techniques have
been researched as potential tools for the non-destructive analysis and assessment of
quality and safety of foods. In particular, the integration of spectroscopic and imaging
techniques into one system that can acquire a spatial map of spectral variation is the
most interesting. Hyperspectral imaging (also called imaging spectroscopy or imaging
spectrometry) has been widely studied and developed resulting in many successful
applications in the assessment of food products quality (Cheng & Sun, 2014). The
advances in hyperspectral imaging (HIS) allowed this technique to become a powerful
extension of both spectroscopy and imaging techniques or computer vision for the nondestructive measurement of quality distribution in a wide range of foods (Sun &
Brosnan, 2003; Du & Sun, 2005; Valous et al., 2009; Kamruzzaman et al., 2012; Wang
et al., 2018). Due to its innovative nature, a number of review papers have been
published in the last two years on the application of HSI in general quality evaluation
of foods including fruits (Feng & Sun, 2012), vegetables (Cubero et al., 2011), and
meats (ElMasry et al., 2013).
Nonetheless, there is no single comprehensive and robust method available up
to date that reliably and satisfactorily measures the specific parameters of food
freshness. In other words, none of the above-mentioned techniques has become a
routine method in daily practice. Therefore, the use of a range of traditional and more
innovative methods, including electronic sensors and spectroscopic techniques, could
be a powerful tool for understanding the molecular and macroscopic bases of food
freshness. Some studies that have focused on the application of HSI as an evaluation
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technique of mushrooms freshness have been reviewed by (Taghizadeh et al., 2010;
Gowen et al., 2007). However, each of these studies has focused on one or two
freshness indicators and no study has evaluated the applicability of HSI method for the
global determinative change in mushroom quality upon storage (Chen et al., 2013).
1.2 Statement of the Problem
The mushroom is one example of a perishable food. Quality analysis and
evaluation for mushroom freshness is an important pre-requisite in ensuring products
of superior quality when considering its impact on human health and international
trade. Currently, it is necessary to look for effective and rapid techniques to monitor
changes in the quality and safety indices of perishable food products such as
mushrooms. The traditional physicochemical and microbial methods that have been
used in the assessment of mushroom freshness are often destructive, time-consuming
and tedious. The aim of this study was to evaluate the applicability of hyperspectral
imaging as a complementary or alternative method to commonly used
physicochemical and microbial methods.
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1.3 Relevant Literature
1.3.1 Mushrooms
Mushrooms are fungi that consist of large fruiting bodies of Basidiomycetes.
The fruit body size depends on several cultivation factors such as temperature, soil
nutrients, and light (Reis et al., 2017). When mushrooms reach maturity stage, they are
characterized by special color, shape, optimum size and open cap (Dissanayake et al.,
2018). There are thousands of mushroom species around the world, but only a few
species such as Agaricus bisporus (A. bisporus), Shiitake, Oyster, and Enokitake spp.
etc. are cultivated for commercial purposes. A. bisporus, or the white button
mushroom, is appreciated by consumers because of its pleasing taste and is used in
different recipes all around the world. A. bisporus has the highest global production
volume (3.9 million tons) in comparison to other mushroom species (Zhao et al., 2016;
Taofiq et al., 2017; Aisala et al., 2018).
Consumers are increasingly interested in functional foods that provide health
benefits in additional to their basic nutrients (Sakamoto, 2018). Mushrooms, represent
a rich source of biologically-active compounds such as, triterpenoids, polysaccharides
protein-sugar complexes, phenols, minerals and vitamins D and B (Singh, 2010). In
addition, mushrooms can be considered a rich source of different antioxidants like
vitamin C, E and carotenoids. Moreover, studies support that mushrooms contain
several anti-inﬂammatory and antioxidant activities (Singh et al., 2018a; Sonnenberg
et al., 2011). Therefore, mushrooms can be beneficial in the protection against different
metabolic disorders such as hypertension, chronic hepatitis, anorexia, cancer, etc.
(Sonnenberg et al., 2016; Cheung, 2008; Bernaś & Jaworska, 2016; Wibowo et al.,
2018).
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Compared to other fruit and vegetables, mushrooms spoil readily after harvest
and require special handling and storage precautions due to their fragility. A. bisporus
is usually recognized as a perishable vegetable with fast ripening due to several factors
such as high-water content and respiration rate. Mushrooms freshness assessment is
important to customers especially visual assessment through color, maturity and size.
This thesis deals with the detection of spoilage of the white bottom mushroom A.
bisporus.
1.3.2 A. bisporus Shelf Life
A. bisporus mushroom has a short shelf-life depending on the storage
temperature, and humidity (Wibowo et al., 2018). When stored at 20-25°C, the shelflife of A. bisporus can be around 1-3 days while this shelf-life can be extended to 8
days if the mushroom is stored between 0 and 2°C (Dissanayake et al., 2018). The
deterioration of the mushroom quality is a result of several degradation reactions that
occur simultaneously during storage and affect the mushroom freshness. The
degradation of A. bisporus quality starts from the postharvest stage due to its natural
unprotected structure and high respiration rate (Joshi et al., 2018; Aday, 2016). A.
bisporus contains high moisture content (85%–95%) with enhanced enzymatic
activities (Kumar et al., 2013). There are several quality indicators of mushroom
degradation including browning, texture changes (softness), and sliminess (Hertog,
2002; Burton & Noble, 1993). The rates of these reactions are influenced by a number
of internal and external factors (Wibowo et al., 2018) as shown in Figure 1.
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Figure 1: A. bisporus degradation and influencing factors

1.3.3 Degradation of Mushroom Quality
1.3.3.1 Browning
During postharvest, A. bisporus mushrooms immediately start changing color,
which has an impact on consumer’s decision to purchase (Simón et al., 2010).
Mushrooms need to have a strict control directly after harvest stage due to continual
respiration and biochemical activities compared to other vegetables at room
temperature (Lagnika et al., 2011). One of the major changes in mushroom quality is
the browning of color, which is due to the activity of endogenous enzyme tyrosinase
or polyphenol oxidase (PPO). Enzymatic browning of mushrooms is due to the
reaction of oxygen with polyphenolic substrates resulting in the formation of brown
melanin or brown blotch (Soler-Rivas et al., 1997; Brennan & Gormley, 1998;
Brennan et al., 2000). In A. bisporus, there are several reasons that lead to browning
reaction such as the natural existence of tyrosinase enzyme in the mushroom during
the natural senescence, microbial attack by Pseudomonas tolaasii and also physical
damages. (Boekelheide et al., 1979; Soulier et al., 1993; Soler-Rivas et al., 1998). The
extent of the enzymatic browning is different in different mushrooms according to the
concentrations and activity of their tyrosinase and the type and amount of different
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phenolic compounds. In addition, temperature and pH play an important role on the
reaction rates (Fattahifar et al., 2018). Tyrosinase (polyphenol oxidase, catechol
oxidase oxygen oxidoreductase, EC1.14.18.1) is copper-containing enzyme capable of
oxidizing phenolic compounds to melanin (Mauracher et al., 2014, 2014a). It has two
oxidizing activities, cresolase and catecholase, as shown in Figure 2 (Donev, 2014).

Figure 2: Oxidation reactions of tyrosinase

Mushroom tyrosinase requires activation of latent heat before it will be able to
carry the above reactions. Temperature plays an important role in this activation
(Falkow et al., 2006). Then, there is a distribution of tyrosinase in A. bisporus tissues
(Mauracher et al., 2014b). In addition, the tyrosinase present in a fruit body of a
mushroom has a different level depending on the developmental stage. The tyrosinase
activity depends on several factors such as low pH, heating, high pressure, sample
preparation & handling as shown in Figure 3 (Godfrey, 2003).
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Figure 3: Tyrosinase enzyme activity distribution in A. bisporus
mushrooms

1.3.3.2 Moisture Content and Texture Loss
Mushrooms freshness assessment is important to customers especially visual
assessment through color, maturity and size. Moreover, A. bisporus is recognized as a
perishable vegetable and as fast ripening due to several factors such as high-water
content and respiration rate. Moisture loss is the main reason for weight loss of stored
A. bisporus mushrooms (Beelman et al., 2003). This movement increases texture loss
and shrinkage, but in a different ratio in different parts of the mushroom (cap, gills and
stipe) depending on several factors such as temperature, relative humidity and their
distribution in mushroom parts (Aguirre et al., 2008).
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1.3.3.3 Sliming
A. bisporus is low in lipids but it contains 20%–35% of proteins having all
essential amino acids (Kalač, 2013). This portion of protein allows a high chance
microbial infection. In U.K, A. bisporus was found to suffer from bacterial diseases,
casing 5-10% reduction of total mushroom yield (Fermor, 1987). The casing layer on
mushroom affected by bacteria counts 1.7-2.9 × 108 cfu/g and 107 cfu, while bacterial
counts in freshly harvested mushrooms count approximate 10^10 cfu/g (Doores et al.,
1987; Evans & Linker, 1973). One of the main factors that cause quality loss of A.
bisporus mushroom is microbial spoilage leading to sliming, mushroom quality loss
and consumer rejection (Weijn et al., 2012; Gaston et al., 2011).
A major microbe found in A. bisporus mushrooms is Pseudomonas tolaasii,
which is characterized by brown discoloration without presence of pitting and it starts
on the cap and then spreads to the stripes (Tolaas, 1915; Wells et al., 1996). It was
stated that the brown blotch of P. tolaasii pathogenesis in A. bisporus comes from
secretion of a small peptide toxin (Kim & Cho, 2014). The spots are observed on the
surface and presented in internal layers up to 2-3 mm below the cap. Another
Pseudomonas species that was reported to exist is Pseudomonas gingeri (MilijaševićMarčić et al., 2012; Chung et al., 2014; Gaston et al., 2011), which causes yellow spots
on caps. Studies have investigated the mushroom diseases caused by different species
such as P. Tolaasii, P. agarici, P. costantinii and P. gingeri. These species have
different characteristics like production of slime or lipodepsipeptide (Geels et al.,
1994; Munsch, 2002). In A. bisporus, certain tyrosinases respond to microbial
infection by increased activity of specific mRNA that ends by discoloration (SolerRivas et al., 1998, 2001; Sajben et al., 2011).
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The gram negative bacteria, P. aeruguinosa, produces a viscose slime
consisting of polysaccharides, which mainly consists of mannan, smaller amounts of
DNA of protein and nucleic acid (Brown et al., 1969). The slime produced by P.
aeruginosa was found to include uronic acid (6.5%) and protein (20.8%) (Arsenis &
Dimitracopoulos, 1986). Eight strains of P. aeruguinosa, in different cultures and
conditions, produced slime that was degraded by hyaluronidase to hyaluronic acid
(Lányi & Bergan, 1978; Gowen et al., 2007). Furthermore, the slime contained
polysaccharides mainly composed of beta-1,4-D-mannuronic acid residues and sepimer L-guluronic acid o-acetyl groups. The exact structure of the slime molecules is
still unknown (Evans & Linker, 1973) but the Pseudomonas slime can be considered
as extracellular polymeric substance (EPS) which contains alginates or similar
structure (Franklin et al., 2011; Neut et al., 2005; Maunders & Welch, 2017).
In addition, A. bisporus may suffer from green mold disease due to infection
by Trichoderma spp. (Miyazaki et al., 2009). This founding causes degradation on
mushroom skin but can be eliminated by competitive fungi and other treatments such
as hot water immersion, steam sterilization or steam pasteurization and by chemicals
(Jaramillo & Albertó, 2013). Nevertheless, these treatments are not always helpful for
mushrooms growers (Colavolpe et al., 2014).
1.3.4 Factors Affecting Mushroom Spoilage
A. bispours is very perishable compared to other vegetables (Jaramillo &
Albertó, 2013; Colavolpe et al., 2014; Hu et al., 2015) and starts changing at
postharvest stage through internal factors related to the mushroom itself as well as
external factors related to the storage conditions (Oliveira et al., 2012a). The factors
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that have a common impact on A. bispours quality include moisture loss, discoloration,
texture changes, flavor values loss, enzymatic activity and relative humidity.
1.3.4.1 The Internal Factors Affecting Mushroom Quality
1.3.4.1.1 Water Activity
Freshly harvested A. bispours mushrooms contain high moisture content, 85%–
95% (Kumar et al., 2013), which leads to high water activity and unstable shelf life
(Sandulachi, 2012). The high-water activity or relative humidity, defined as the partial
pressure of water vapor on the surface, is very critical for quality and safety. Water
activity, describing the activity of free water in the food matrix, allows for microbial
spoilage and chemical reactions such as browning reactions and lipid oxidation. These
reactions negativity affect the odor, texture, flavor and moisture migration in the
mushrooms and minimize the shelf-life and the acceptance by the consumers (Giasson
& Ratii, 2000; Barbosa-Cánovas et al., 2008; Sandulachi, 2012). Water activity can be
impacted by several factors such as; respiration rate, temperature, storage
environment, chemical composition, and packaging. Basically, mushrooms start to
begin respirating after being harvested and the main nutrients (include: carbohydrates,
fats and proteins) begin reacting with oxygen to give carbon dioxide and organic acid
as a result. This natural process accelerates mushroom ripening and senescence (Cliffe‐
Byrnes & Beirne, 2007; Li et al., 2017). In addition, high relative humidity will result
in fast microbial growth and mushroom discoloration. On the other hand, at low
relative humidity, mushrooms will lose weight and firmness (Oliveira et al., 2008).
Accordingly, packaging mushrooms plays an important role in maintaining the quality
and extending the shelf life. Different packaging protocols have varying effects on the
nature of the respiration of mushrooms. A Modified Atmosphere Package (MAP) rich
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in CO2 and deficient in O2 helps to create a suitable atmosphere for the mushrooms
(Cliffe‐Byrnes & Beirne, 2007; Oliveira et al., 2012b; Kirtil & Oztop, 2016). The
packaging technology for mushrooms should have a headspace to remove the excess
moisture (Rux et al., 2015).
1.3.4.1.2 Respiration Rate
The respiration rate is an essential factor for mushroom freshness. The
respiration rate is expressed by carbon dioxide or oxygen productions. These
productions are involved in biological reactions. However, different studies prove that
temperature has an important role in respiration rate especially during postharvest. For
example, at high temperatures, A. bispours mushrooms start suffering from enzyme
denaturation that enhances the reduction of respiration. However, if the A. bispours
mushrooms are kept at a very low temperature, mushrooms will start shrinking. That
promotes physical injuries and leads to an increase in the respiration rate of
mushrooms. The A. bispours respiration rate has been identified under air by 43.4
kJ/mol between 10 and 20oC (Antmann et al., 2008). Consequently, mushrooms are
considered as highly perishable and typically have 1–3 days before becoming
unacceptable to consumers. Therefore, the A. bisporus industry faces a challenge to
adjust proper preservation methods especially in packaging development (Liu et al.,
2019).
1.3.4.1.3 Enzymatic Activity
White button mushroom A. bisporus is rich in nutrients especially proteins and
amino-acids and around (19%-38%) of it is a dry weight (Manning, 1985; Wang et al.,
2018). Moreover, A. bisporus contains other components like polysaccharide (βglucan), which forms bioactive complexes with proteins that are recognized as health
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promoting (He et al., 2006). The enzymatic browning reaction that takes place in
mushrooms causes impact on sensory properties such as; color, flavor, texture
(softness) and freshness. In A. bisporus, the major enzymatic reaction responsible for
browning is caused by oxidase activity and microflora (Czapski & Szudyga, 2000;
Bernaś & Jaworska, 2015). However, polyphenol oxidase (PPO) and phenolic
coloration are most known to produce darker spots in mushroom (He et al., 2006).
Examples of the polyphenols involved in browning in A. bisporus include
noradrenaline, adrenaline, catechol, tyrosine, DOPA and dopamine. PPO catalysis by
hydroxylation and oxidation leads to the polymerizations of oxidized simple phenols
and the development of melanin. Melanins are insoluble polymers which form in
mushroom skin to act as a barrier against microbial spread inside the mushroom
(Sarmiento et al., 2016). Hydroxylation and oxidation depend on several factors like
oxygen availability, pH (not <5 or >8), internal or micro enzymes, and temperature as
discussed by Bellettini et al. (2016). However, there is a common enzyme that is
associated with fungal enzymes which is tyrosinase. Tyrosinase appears in A. bisporus,
and it is highly reactive with oxygen. The catalyzed hydroxylation of monophenols to
monophenolase is responsible for brown pigments.
1.3.4.1.4 Microbial Load
Microbial attack enhances mushroom spoilage by discoloration and slimming
through hydrolysis, which is impacting consumer decisions (Abou-Zeid, 2012). As
discussed before, Pseudomonas tolaasii is the most important bacteria causing browndarkening, that starts at surface to stipe discolorations (Patricia et al., 2002). Therefore,
Pseudomonas tolaasii plays a significant role in A. bisporus cultivation quality and
yields (Abou-Zeid, 2012; Wells et al., 1996). Pseudomonas tolaasii has the ability to
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grow in different conditions at low temperature (refrigerator) or under low oxygen
condition (packed mushroom). Other species of Pseudomonas produce different color
spots on A. bisporus, e.g. P. gingeri produces yellowish-red colored spots known as
ginger spots while P. reactants causes purple to light brown discoloration as well as
depression and deaf surface (Soler-Rivas et al., 2000).
1.3.4.2 External Factors
Surrounding factors have important impacts on A. bisporus mushrooms quality
degradation, which starts at Postharvest stage due to high moisture content and rich
composition. After mushroom being harvested, the respiration rate starts increasing at
a higher rate compared to other horticultural crops. (Wakchaure, 2014).
1.3.4.2.1 Temperature
Temperature is a major factor that influences mushroom quality. It influences
changes to the physiology of the mushroom leading to deterioration of odor, taste,
color, texture (softness), and moisture. Maintaining the temperature at around 4oC
during transportation and storage has a significant role in preserving the quality and
freshness of A. bisporus mushrooms. Thus, postharvest temperatures between 15-18ºC
(Brennan et al., 2000) are considered a critical point for mushroom freshness during
transportation and storage (Brennan et al., 2000). Therefore, polystyrene boxes
containing ice cubes should be used to insure low temperature during transportation.
If the storage temperature is decreased to 0ºC, it will lead to extended shelf life and
improve quality (Mami et al., 2014; Singh et al., 2010).
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1.3.4.2.2 Mechanical Damage
Mechanical damage or defect is an external factor that would impact
mushroom quality and affect consumer’s acceptance (Dris & Jain, 2007). Mechanical
defect results from different mechanical actions such as bruising, compressing,
fraction, and scratching. That could happen during handling, transportation, packing
and storage (Ruiz-Altisent, 1991). Mechanical damages can be caused by friction
between mushrooms, infestation by insects, or vibrations during transportation
(Aliasgarian et al., 2013). Mechanical damage causes stress and may lead to accelerate
microbial infections and enzyme hydrolysis.
1.3.4.2.3 Packaging
One of the most important steps to maintain quality and freshness of mushroom
is packaging, which provides physical protection for the mushrooms. Methods such as
drying and cooling can significantly influence physical and chemical characteristics
(Bernaś & Jaworska, 2016). On the other hand, modified atmosphere packaging
(MAP) can be used for A. bisporus mushrooms to control the concentration of oxygen
in the head space and limit the respiration rate (Oliveira et al., 2012b). MAP
manipulates the packaging environment (O2 and CO2) and controls the respiration rate
inside the package. In fact, the respiration activation energy between 10°C and 20°C
reaches up to 43.4 kJ/mol (Varoquaux et al., 1999). Furthermore, lowering oxygen
concertation has been associated with Ethylene (C2H4) which is a natural hormone
responsible for ripening physiological aspects (Sandhya, 2010).
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1.3.5 Evaluation of Mushroom Quality
As mentioned before, A. bisporus quality is determined by several parameters
(Ares et al., 2009). Therefore, it is important to have efficient analytical tools that are
able to define the quality characteristics. One of these parameters is dehydration. What
happens to mushrooms during storage is the dehydration process which causes stored
mushrooms to lose moisture and weight (Ares et al., 2009). It also causes color change
(Ban et al., 2014; Maskan, 2001; Oliveira et al., 2012a), undesirable gill color or
uniformity, off-odor and cap surface shrinking (Ares et al., 2009). Moreover, several
studies have described useful approaches to determine mushrooms quality by
descriptive sensory tools (Mohapatra et al., 2011; Simón et al., 2010; Djekic et al.,
2017).
1.3.5.1 Sensory Evaluation
Sensory evaluation and overall acceptance are very important in the evaluation
of product quality. Mushroom quality is characterized (Vı́zhányó et al., 2000) through,
whiteness of cap, lack of physical defect or deflated cup, color change, and absence of
mold growth. As discussed above, mushrooms are highly perishable due to a high
metabolic and respiration rate, which impacts moisture loss texture and discoloration
by enzymatic and microbial actions. These changes in mushroom quality lead to lower
consumer perception (Eastwood et al., 2002). Besides that, the quality of white button
mushrooms is also affected by variation of the storage temperatures (Mohapatra et al.,
2011). Visual observations such as veil opening rate (cap opening), and whiteness
degree are considered significant (Lagnika et al., 2011). A study on the sensory quality
of A. bisporus was conducted over a hedonic scale (1-5), where consumers were asked
to evaluate the following attributes: look fresh and white, dark white and less glossy,
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start browning, slightly browning bracts, stem browning bracts and spear. In addition,
this study evaluated the texture through a scale starting with extremely soft and smooth
skin, then when mushrooms start to bend easily, and at last when it becomes extremely
tender and shrinking (Nunes et al., 2007). In general, the appearance texture, shrinking,
and slime are linked to harmful microbial growth and consumer rejection of
mushrooms (Azevedo, 2014). Although, necessary evaluation methods are the most
direct, they are not economical to use and require participation of a large number of
panelists. Therefore, alternative related physical evolution high throughput methods
are needed for such evaluation.
1.3.5.2 Moisture and Weight Loss
One of the clear symptoms of mushroom aging is shrinkage caused by moisture
which is expressed by weight loss (Xu et al., 2016). Different studies have discussed
that weight loss impacts on different mushrooms quality parameters such as texture
(firmness), appearance (shrinking), moisture content and microbial attacks (Huis et al.,
1996; Jiang et al., 2010). However, weight loss has been identified as a significant
method by weighing mushrooms before and after storage (Singh et al., 2018a;
Kotwaliwale et al., 2007). Dehydration is a substantial process that happens
postharvest which is facilitated by the porous thin structure of A. bisporus (Nunes et
al., 2007). Mushroom weight loss has a significant impact on its texture because it
becomes softer and spoils easily after three days of storage (Das et al., 2010), leading
to economic losses and consumer rejection (Ares et al., 2009). This problem can be
partly solved by packaging, which restricts the water evaporation rate. However,
packaging also leads to water condensation at the surface (Gholami et al., 2017). One
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study has shown that different types of packaging have different effects on weight loss
up to 12 days (Liu et al., 2019).
1.3.5.3 Color
A. bisporus is known to develop a melanin pigmentation during the stages of
the storage period. Therefore, color assessment is important to indicate the freshness.
The color assessment is commonly assessed by the Hunter Lab Color Scale. This
technique depends on color values such as L* value, a* and b*, which referenced to
light-dark, red-green and yellow-blue orderly. Authors reported that A. bisporus
becomes brown during storage, as hunter scale were detect that a* and b* are more
associated with browning, while the L* value decreased (Aguirre et al., 2008;
Vı́zhányó & Felföldi, 2000; Mohapatra et al., 2011). Moreover, the Browning Index
(BI), which is identified as browning color, evaluates the quality (Pilon et al., 2013;
Aday, 2016).
1.3.5.4 Hyper Spectral Imaging (HSI)
Hyperspectral imaging (HSI) combines the principles of imaging and
spectroscopy to provide three-dimensional data (x, y, λ) called the “hypercube” as
shown in Figure 4 (Kamruzzaman et al., 2012). Because the “hypercube” can give
quantitative characterization of physical and chemical information for samples, HSI
has recently been used for providing different quality and safety characteristics of food
samples including texture, color, and safety (Antmann et al., 2008; Wu & Sun, 2013;
Rux et al., 2015; Liu et al., 2019).
In quality analysis, some of the quality parameters are hard to detect by human
vision based on imaging in the limited visible spectrum, which is only a small region
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of the electromagnetic spectrum. Visible and Near-Infrared (VNIR) hyperspectral
imaging instruments have the ability to image in hundreds of bands in the ranges from
400 to 1000 nm, which can be important in food analysis (Mahesh et al., 2015a). The
outcome image of the hyperspectral imaging system depends on the incident light and
the product properties that influence the reflectance by the object (Abdullah et al.,
2004). Using hyper-spectral imaging requires several strict calibrations and recalibration after taking an image in order to eliminate any effect of environmental
conditions and other factors such as light, speed, position of the sample, reference
position, time (ElMasry et al., 2010).

Figure 4: Hyper-spectral imaging (HSI) elements

The main part in the hyper-spectral equipment is the illumination unit which
has a great impact on the system by generating the light through reliable halogen lamps
that create a sustained glow compared to normal light bulbs. The second part is a
spectrograph, which is responsible for generating a spectrum for each individual point
by scanning a sample and moving it from point to point or from line to line. The third
major component is a high-performance camera called charge coupled device (CCD)
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or complementary metal oxide semiconductor (CMOS). Sensors with two-dimensional
detectors with high sensors help to collect the spectral information. CCD has an
advantage compared to CMOS sensors such as low cost, high pixel count, and high
sensitivity. On the other hand, CMOS sensors are characterized by lower voltage and
lower power consumption. The fourth part is the translation stage or stepper motor that
is specialized in moving the sample for scanning. Several factors can have an effect on
scanning such as; speeding, exposure time, image acquisition, wavelength range and
binning mode (Abdullah et al., 2004; Mahesh et al., 2015a). The last part is acquisition
software specialized in assimilating the data to generate the hypercube. For data
processing, the hyperspectral imaging system needs to apply operation tasks such as;
moving sample, imaging, extracting spectral wavelength, preprocessing, and
analyzing data (ElMasry et al., 2016a).
Using hyperspectral imaging requires determining the goal of the study and
collecting enough information about the sample (Reis et al., 2017; ElMasry et al.,
2010). Selection of the ideal conditions and treatments differs where it depends on the
sample. Parameters at the acquisition step include the acquisition mode, spectral
resolution, scanning speed, exposure rate, illumination types and integration time
(Siesler et al., 2008). It is important to use a reference image that contains white and
dark images in order to correct each image through radiometric calibration, where the
white reference calibrates the maximum reflectance by 99.9% and the black reference
does the opposite (ElMasry et al., 2013). Physicochemical characteristic of the sample
can be represented by the spectral information through main regions called the region
of interest (ROI) (Yao et al., 2010). However, if these are low in signal-to-noise or if
they contain overlapping data, preprocessing can help to improve the resolution and
reduce the noise (Kamruzzaman et al., 2012). The selection of the optimal wavelengths
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is an important step to present a good model with the most spectral information
(Walker, 1996; Naganathan et al., 2007; Duchesne et al., 2012; ElMasry et al., 2013).
Statistical models are helpful for explanations and predictions especially for HSI
which is characterized by a lot of input variables which can be highly correlated.
Statistical models must be based on known X (spectral data) values as observations
and Y values (quantitative data) as output (Wells et al., 1996). Such selection of the
optimal wavelengths that can be used to build final models (Siesler et al., 2008;
Kamruzzaman et al., 2012; Rao et al., 2014) is an important step that uses
chemometrics in data modeling and validation (Bro et al., 2002). In fact, different
statistical principles are applied in modelling to describe the relation between X and Y
such as principle component analysis (PCA), multilinear regression (MLR), and partial
least square (PLS) (Prats et al., 2011; Sun et al., 2014). In spectral analysis, partial
least squares regression (PLS-R) procedures are mostly used in the selection of
wavelengths that have correlated with a greater number of observations (Naganathan
et al., 2007). In this work, the major emphasis was placed in the identification of the
wavelength ranges that can distinguish between the different health and freshness
characteristics of the mushrooms.
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Chapter 2: Materials and Methods
2.1 Mushroom Sampling and Preparation
Fresh A. bisporus mushrooms (250 g/box) were obtained from a local
commercial mushroom company. The mushrooms were transported by refrigerated
vehicle at 2-4°C in durations of three hours to the laboratory for 11 days. The samples
were randomly divided into two groups and stored in the same boxes as packed and
unpacked at 4°C in the refrigerator for 11 days. Boxes full of mushrooms were being
removed each day for analysis purpose.
2.2 Weight Loss
Weight loss was evaluated by weighing the whole mushrooms before and after
the storage for 11 days (Dris & Jain, 2007; Sakamoto, 2018). Each time, the weight
was taken for 15 samples stored under packed and unpacked condition. The weight
was calculated by the following equation:
𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (%) =

weight day 0 − weight sampling
𝑥100
weight day 0

2.3 Moisture Content
In order to determine the water content in a sample, the moisture content as a
method is set by using an oven at 70°C. It is expressed as the percentage of the
difference in the weight before and after drying the sample:
𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =

Initial weight − oven or ( dry weight)
𝑥100
oven or ( dry weight)
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2.4 pH
Five kilograms of button mushroom were homogenized by a grinder with 10
ml of sterile water for 3 min. The pH was measured by using a pH meter (MettlerToledo, Switzerland). Each analysis was performed in 15 samples and the
experimental runs were proceeded for 11days.
2.5 Color Measurement of Mushroom Freshness
Color measurements for sliced mushroom were performed using a Hunter Lab
Colorimeter (Hunter Lab Inc., Reston, VA, USA) based on hunter color parameter (L*,
a*, b*). The Browning Index (BI) was calculated using the equation (shown below)
reported by Maskan (2001) . However, mushroom discoloration can’t be in one place
at the skin. Therefore, color measurements have been taken at 4 different locations for
15 samples for each condition (packed and unpacked).
BI =

Where,

100 ( x − 0.31)
0.17
a∗ +1.75 L∗

x = 5.645 L∗ +a∗ −3.012 b∗

2.6 Texture Profile Analyses
Texture profile analyses were done by Instrumental Texture Profile Analysis
(TPA) where attributes were measured using a computerized TA-XT2i Texture Profile
Analyzer (Stable Microsystems, Surrey, UK). Each sample was compressed twice to
20% of their original height by one newton compression load using a cylindricalshaped probe (75 mm in diameter) at 10 mm/min speed. Four TPA parameters which
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have been tested such as hardness, cohesiveness, adhesiveness, and gumminess, were
analyzed for 11 days.
2.7 Microbial Analysis
Microbial analyses were carried out using the standard methods such as total
plate account using plate count agar (PCA), yeast and mold (ISO 21527-2:2008) using
rose Bengal chloramphenicol agar (RBCA), total coliform (ISO 4832:2006) using
violet red bile agar (VRBA) and S, aureus (ISO 6888-1:1999) using Baird-Parker agar
(BPA). Samples were selected randomly from each packaging type (packed and
unpacked) stored at 4oC. Serial dilutions were prepared after homogenization of the
samples using a stomacher lab-blender circulator 400 (Seward Laboratory, London,
UK) for 5 min at 260 rpm. Moreover, the same technique was used for detection of
Pseudomonas spp. using Pseudomonas isolation agar (PIA). All microbiological
evaluations were carried out in triplicate for packed and unpacked samples over the
eleven days.
2.8 Gel Electrophoresis
Protein movements within an electric field have been a common method to
separate proteins depending on the differences in the molecular weight. The gel
electrophoresis method was started by protein purification through selecting a suitable
buffer and a gel was placed in a electrophoresis cell as mentioned in reference (Walker,
1996). However, slims were collected from the mushroom samples and gel
electrophoresis was used to detect the protein in them at day 6.
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2.9 Hyper-Spectral Imaging
The fifteen Mushroom samples for each condition (and which were stored for
11 days) have been analyzed by using hyperspectral imaging in the range of 400-1000
nm. Imaging and reference calibrations have been adjusted for better image and
wavelength at every imaging instance. Reflectance calibration based on samples
responses was performed by measuring light reflectance over a reflectance standard.
Extreme care has been taken to adapt the camera settings to obtain high quality data.
For the setup used in the experiments, the stage was adjusted to immediate speed:
8000/s, scan speed: 905/s, retrace speed: 10000/s, acceleration: 70000/s2, deceleration:
70000/s2, trigger divider: 40, and trigger speed: 22.63 Hz. Also, the camera setting was
in video mode, exposure time was 10 ms. After that, data processing and analysis steps
were necessary in order to avoid spectral variability between the samples (Pu et al.,
2015). Then, representative wavelengths are selected to develop the appropriate
models for generalization (Bro et al., 2002; Siesler et al., 2008; Sun, 2010; PratsMontalbán et al., 2011; Duchesne et al., 2012; ElMasry et al., 2013; Cheng & Sun,
2014; Rao et al., 2014).
2.10 Statistical Analysis
The purpose of this part of the project was to develop new statistical models to
predict the freshness of mushroom (weight loss, pH, color, TPA parameters and
microbial analysis) by using the spectrometric curve as an input. While the first method
consists of providing a pointwise prediction of each freshness parameter separately,
the second one aims to establish a prediction interval of it. Statistically, this approach
is more informative since it does not predict the unknown chemical component of a
mushroom by a single scalar but by a range of values established with a certain
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confidential level. To achieve this goal, a nonparametric regression model was
developed for pointwise prediction and a quantile regression model was considered to
establish prediction intervals by (Kamruzzaman et al., 2012; Jharkhand et al., 2016).
The entire spectrometric curve was used as predictor rather than some wavelengths of
it. Such approach allows using more informative predictors, which considers both the
magnitude of the wavelength as well as the shape of the spectrometric
curve. Moreover, the approaches used in this project are nonlinear with minimum
required assumptions. For instance, the chemical characteristics were not required to
be normally distributed. The experiments were performed daily for 11 days for 15
samples for each condition (packed and unpacked).
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Chapter 3: Results & Discussion
3.1 Moisture Content & Weight Lost
Moisture content is an important parameter for determining the actual quality
of mushroom before consumption or processed. The moisture content in food is
divided into two types: bound water and free water or bulk water. Bulk water is usually
located in narrow channels or held within it. Therefore, free water is responsible for
deterioration of sample and microbial growth or molds (fungi). However, moisture
content method by drying using oven is applied to specify water content in a sample
at specific temperature such as 70°C. Temperature is the most significant factor that
determines freshness of mushroom and biochemical reaction rates and so the shelf-life
(Maskkan, 2001).
The results pertaining to moisture content and weight loss of A. bisporus are
depicted in figure 5. It was observed that fresh A. bisporus had moisture content around
85%–95%. In both storage condition (package and unpackaged), the moisture content
decreased as a result of a respiration process through the natural porous structure of
the mushroom. Therefore, A. bisporus had slight change during first three days
especially with package condition that has ability to preserve moisture content till day
3 at 4°C, while in unpackaged mushroom, moisture evaporated faster in agreement
with Kamruzzaman et al. (2012). The mushrooms start to shrink due to the loss of
internal water and consequently start degradation. In both packed and unpacked cases,
A. bisporus showed the presence of slime at the top of it from day 4 to 8. The slime
layer can be considered as biofilm produced by bacteria against natural antibodies of
mushroom and antimicrobial agents. This biofilm helps to cover mushroom’s pores
and reduces moisture loss in the unpacked condition. It keeps growing up to day 8. In
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the packaged condition, the moisture holds longer, and its evaporation is also
minimized by the slime formed which prevents the diffusion of compounds through
matrix (Kamruzzaman et al., 2012). The loss of moisture and the decrease in other
components such as glycogen can cause weight loss in fresh mushrooms, which
influences other parameters such as texture and appearance by affecting softness and
shrinkage. Since mushrooms are deficient in cuticle water movement, the rate of
respiration is faster (Aday, 2016). Therefore, the weight loss was faster in packed than
unpacked mushrooms. In addition, similar findings in other studies showed that weight
loss had slightly changed because of water vapor transmission through polyethylene
that caused slight dehydration (Donglu et al., 2016).

29

Moisture Content (%)

a

b
Figure 5: The moisture content and weight loss during storage of unpacked (---), and
packed (―) mushrooms for 11 days

However, both of the package and unpackaged weights do not exceed one
(100%), and that provides that weight loss has a major impact on quality and
mushroom freshness. In the unpackaged condition, it has been shown a significant
relationship between moisture loss and weight loss, where the moisture loss to air
promotes weight loss and thus affecting the rest of quality parameters. This
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corresponds to what was mentioned in the study (Nunes & Emond, 2007), and also
another study where it was proven that unpackaged mushrooms lose their weight
because of the moisture content lost in the air (Andrés et al., 2014). Respiration could
be one of the main factors which leads to mushroom dryness and lighter weight
(Guillaume et al., 2010; Jafri et al., 2013).
Comparing the moisture and weight losses in mushrooms, it can be concluded
that weight loss is influenced by other degradation reactions rather than moisture loss.
Thus, other enzymatic and non-enzymatic reactions contribute to the quality of
degradation processes in mushrooms. Overall, significant changes occurred during
days 1-6 for both packed and unpacked mushrooms due to different degradation
reactions in agreement with Beelman et al. (2003).
3.2 Color
One of the main attributes for A. bisporus quality which is highly subjective
mushroom physiology and respiration metabolism.
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Figure 6: Color parameters and Brown index for unpacked (---), and packed (―)
mushrooms, where the tests were applied for 11 days

The color parameters L*, a*, b* and BI changed in the mushroom during
storage due to browning mainly by the action of tyrosinase, L* values decreased
through days with increasing brown index. This agrees with other storage studies (Gao
et al., 2014; Lin et al., 2017; Devi et al., 2018). The browning index increased
especially between day 1 and day 6 in both packaged and unpacked mushrooms, with
the changes being slightly faster in the unpacked condition probably because of high
exposure to oxygen.
Darkening of A. bisporus is explained by melanin pigmentation due to the
increased activity of tyrosinase which is not uniformly distributed in mushrooms. The
enzyme activity is also influenced by the preparation and way of handling which could
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cause mechanical damage to the mushroom leading to the release of the enzyme. The
brown pigments might affect the mechanical integrity of the mushroom and allow for
infection like Pseudomonas tolaasii. Color changes were more obvious in unpacked
mushrooms, which might be because of the fact that packaging has the ability to lower
oxygen concentration.
3.3 Texture Profile Analysis
Texture evaluations were performed for stored mushrooms because it’s an
important parameter for consumer attributes. Figure 7 shows that unpacked
mushrooms faster and are more cohesiveness than packed due to the direct exposure
to air which accelerates water loss.

Figure 7: Texture analysis for stored mushrooms by different parameters (hardness,
adhesiveness, cohesiveness and gumminess) for both unpacked (---) and packed (―)
conditions
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On other hand, packed mushrooms were higher in adhesiveness and
gumminess compared to unpacked mushrooms due to higher moisture content (Figure
5). As a result, packed mushrooms show more stickiness than unpacked mushrooms.
In addition to the effect of moisture evaporation, microbial infection also contributes
to the sliming and textural changes especially for packed mushrooms (will be
discussed more later) (Soler-Rivas et al., 2000; Maskan, 2001; Falagas et al., 2008;
Ares et al., 2009; Sandhya, 2010; Gao et al., 2014).
3.4 pH
The pH analysis is considered as comprehensive indicators to detect changing
in mushrooms during storage. The pH value was 6.52 at the beginning (as shown in
Figure 8) which was similar to values from previous studies (Jaworska et al., 2010;
Borchert et al., 2014).
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Figure 8: pH test for unpacked and packed mushrooms where the tests were applied
for 11 days
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The results show that there is no significant change during the storage period.
It is due to the growth of microorganism as reported by (Ding et al., 2011), which
results in less changes in pH values because of the reduction of the organic acids
production (Aday, 2016).
3.5 Microbiology
In order to get deep a comprehension of A. bisporus quality changes,
especially brown blotches and loss of freshness which is leading to consumer rejection,
microbiological test is very important. Previous reports have shown that brown spot of
mushroom is related to some peptide (toxin) which is produced by Pseudomonas
tolaasii (Paine, 1919; Wells et al., 1996; Warburton et al., 1994). That generally has a
great impact on mushroom quality. The results obtained after microbiological analysis
of the packed and unpacked mushrooms stored at 4°C are represented in Figure 9. It
was observed that microbial growth increased after day three under both storage
conditions.
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a

b
Figure 9: Total microbial load through plate count agar (PCA) (a) & pseudomonas
load through Pseudomonas isolation agar (PIA) (b) for unpacked (▪) and packed (▫)
mushrooms where the tests were applied for 11 days

However, the bacterial counts were slightly more in packed mushrooms than
unpacked. The results as shown in Figure 9b, reveals that the growth of
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Pseudomonas consistently increased during storage. These results are in agreement
with results from other research studies on A. bisporus (Young, 1970; Burton & Noble,
1993; Wells et al., 1996; Milijašević-Marčić et al., 2012; Weijn et al., 2012).
3.6 Gel Electrophoresis
The A. bisporus mushrooms started producing extracellular slime during the
storage days. Gel electrophoresis method was used to see if the mushroom slime
contains a protein and the results are represented in Figure 10.

Figure 10: Mushroom Slime Analysis through gel electrophoresis

However, several studies reported that this slime is called “extracellular
laccase”, which is produced by several species of Pseudomonas (Young, 1970; Burton
& Noble, 1993; Wells et al., 1996; Milijašević-Marčić et al., 2012; Weijn et al., 2012).
The electrophoresis outcomes showed that A. bisporus slime contains protein with
molecular weight > 50 KDa (Wood, 1980). It was reported that A. bisporus secretes
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“abundant laccase” having a molecular weight of 65 KDa due to mycelial growth
(Perry et al., 1993).
3.7 Hyper Spectral Imaging
Figure 11 reveals the average hyperspectral reflectance for 135 samples of A.
bisporus from day 1 to 11. HSI in the Vis–NIR range (400–1000 nm) was employed
in this project to study A. bisporus changes over 11 days of storage (Geladi et al., 1985;
Lu & Lu, 2017). The average reflectance spectra of both packed and unpacked
mushrooms had similar patterns, where the reflectance spectra decreased with the
storage days. After a chemical analysis, it was observed that the evident deterioration
increased after 3 days of storage in both conditions. It tended to be more decayed as
less light reflection was noted by the dark color (browning) compared with the first
three days.
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Figure 11: Reflectance spectra of the a) packaged & b) unpacked A. bisporus
mushrooms during storage at 4°C for days 1-11

Thus, HSI was able to provide a clear indicator that mushrooms can only be
stored for a few days until they lose freshness and quality. Furthermore, in both

39

conditions, hyperspectral reflectance imaging included a certain special pattern (450700 nm) started to decline after the third day. This pattern was repeated around (800900 nm) after day 6, when A. bisporus analysis showed that browning color had
developed and Pseudomonads bacteria growth and slime secretions had started.
However, this pattern began to disappear by day 8. After day 8-11, high reflectance
was observed because new microbes grew in the mushroom which changed the pattern.
This concept is supported by the following studies (Aoife et al., 2009; Taghizadeh et
al., 2011a; Mahesh et al., 2015b; ElMasry & Nakauchi, 2016b; Lin et al., 2019)
(Taghizadeh et al. 2011b, Lin et al. 2019).
Two distinct hyperspectral features, that were identified to change with the
storage of mushrooms, were defined as shelf-life index 1 and shelf-life index 2 or the
sliming index. Figure 11 presents the first ‘shelf life index’ located between 530-700
nm and the second ‘shelf life index’ located between 750-900 nm. The two
deterioration indicines were calculated from the coordinates shown in Figure 12 using
the following equations: (C2-C1).
𝑪𝟏 =
𝑪𝟐 =

𝒚𝟏𝟏−(𝒚𝟏𝟐−𝒚𝟏𝟏)
𝒙𝟏𝟐−𝒙𝟏𝟏
𝒚𝟐𝟏−(𝒚𝟐𝟐−𝒚𝟐𝟏)
𝒙𝟐𝟐−𝒙𝟐𝟏

*x11

*x21

The second Shelf-Life Index was introduced as the sliming Index because
previous studies have recognized that infection by Pseudomonas is characterized by
the production of the extracellular slime after few days (Brown et al., 1969; Franklin
et al., 2011; Abou-Zeid, 2012; Azevedo, 2014). In addition, studies show that these
bacteria contribute to discoloration and loss mushroom firmness (Franklin et al., 2011;
Paine, 1919). Figure 13 shows that Shelf-Life Index 1 decreases faster until day 4 and
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reaches a plateau afterword while the Sliming Index peaks at day 4-5 and then
decreases. This pattern agrees with others studies as illustrated in Figure 14 (Gao et
al., 2014; Gholami et al., 2017; Singh et al., 2018b; Lin et al., 2019).
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a

b
Figure 12: Illustration of the coordinates used to calculate a) Shelf-Life Index 1 and
b) Shelf-Life Index 2 (or sliming index)
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Figure 13: Freshness index of a) packed & b) unpacked A. bisporus Mushrooms
stored for 11 days (The red, green., and blue colored points belong to three different
experiments)
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Figure 14: Slimy index of a) packed & b) unpacked A. bisporus mushrooms stored
for 11 days (The red, green., and blue colored points belong to three different
experiments)
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Chapter 4: Conclusion

This study demonstrated that hyperspectral reflectance tools can be used to
study the spoilage of mushroom (Agaricus bisporus) and provides results consistent
with the traditional methods. Two spectral regions, namely 530-700 nm & 750-900
nm, were reflective of A. bisporus decay. The second region may relate to slime
production by microorganisms. It has been realized that the efficient and reliable
measurement of both conditions packed and unpacked related to the spatial
distributions of multiple chemical changes and physical attributes changes. Therefore,
hyperspectral imaging (HSI) proved to be a rapid, nondestructive, and chemical-free
method for the detection of mushroom deterioration during storage. However, the
detections were not uniform due to natural distribution of tyrosinase enzyme.
Therefore, future studies will need to start collecting samples from the farm stage in
order to avoid these differences in the initial sample.
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